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ABSTRACT OF THE DISCLOSURE 

A legged moving robot has an action plan function 
to operate according to a predetermined action plan. The legged 
moving robot has a fuel cell for supplying operating electric 
energy for the legged moving robot, an operation control unit 
for controlling operation of the legged moving robot according 
to the action plan, and an electric generation managing unit 
for monitoring a state of the fuel cell and contents of the action 
plan and for regulating an amount of electric energy generated 
by the fuel ceil depending on the action plan. 
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LEGGED MOBILE ROBOT 

BACKGROUND OF THE INVENTION 

Field of the Invention: 

The present invention relates to a legged mobile 
or moving robot, and more particularly to a system for 
controlling the amount of electric energy generated by a fuel 
cell on a legged moving robot. 
Description of the Related Art: 

Heretofore, legged moving robots have been powered 
by an external power supply connected via a power cable or a 
secondary battery such as lithium- ion battery or the like. 
However, a legged moving robot that is powered by an external 
power supply connected thereto via a power cable suffers a 
serious problem in that the range of movement of the legged 
moving robot is limited by the power cable. 

A legged moving robot that is powered by a 
secondary battery such as lithium- ion battery or the like 
carried thereon is free of limitations on the range of 
movement thereof. However, the energy storage capacity of 
the secondary battery is limited because of a limited weight 
which can be borne by the legged moving robot. 
Conventionally, the energy storage capacity of secondary 
batteries available for use on legged moving robots has 
limited the continuous walking time of the legged moving 
robots to about 30 minutes. Furthermore. the secondary 
batteries have been disadvantaged in that it takes 
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a relatively long period of time to charge the secondary 
batteries . 

One solution would be to install an engine-operated 
electric generator on legged moving robots, since, however, 
the engine of the electric generator emits harmful exhaust gases 
and causes vibrations, an engine-operated electric generator 
is not suitable for use on legged moving robots particularly 
if they operate in such environments which demand cooperation 
with human beings . 

According to one proposal, a fuel cell which has a 
greater energy storage capacity per weight than lithium-ion 
batteries and which neither emits harmful gases nor causes 
vibrations is installed as a power source on a legged moving 
robot. The output electric energy from the fuel cell varies 
depending on the amount of hydrogen supplied as a fuel to the 
fuel cell. 

Hydrogen is generated by a reformer from a fuel such 
as methanol or the like by way of a chemical reaction. The amount 
of hydrogen generated by the reformer can be increased by 
increasing the temperature of a heater of the reformer or 
increasing both the amount of air supplied to the reformer and 
the amount of a fossil fuel supplied to the reformer to increase 
the pressure for thereby accelerating the chemical reaction. 
For this reason, after the reformer is instructed to increase 
the amount of hydrogen generated thereby, it takes a certain 
period of time or time delay before the amount of hydrogen 
generated by the reformer is actually increased. 
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When the load on an actuating system including a 
motor on the legged moving robot is abruptly increased as 
when the legged moving robot starts walking, the reformer is 
instructed to increase the amount of hydrogen generated 
thereby for enabling the fuel cell to generate electric 
energy sufficient to meet the load. However, on account of 
the above time delay, the amount of hydrogen supplied to the 
fuel cell does not immediately increase, possibly resulting 
in a shortage of electric energy supplied from the fuel cell 
to the actuating system. 

In order to eliminate the above time delay, a 
reservoir tank for storing hydrogen may be connected to a 
fuel passage extending from the reformer to the fuel cell. 
The reservoir tank needs to be of a sufficiently large size 
to be able to supply an amount of fuel to the fuel cell which 
can meet the abrupt increase in the load as when the legged 
moving robot starts walking because the legged moving robot 
consumes largely different amounts of electric energy when it 
is at rest and when it is walking. The large-size reservoir 
tank requires a large installation space and is relatively 
heavy. 

SUMMARY OF THE INVENTION 
It is therefore an object of the present invention 
to provide a legged moving robot which does not have a large- 
size reservoir tank and which counteracts a shortage of 
electric energy from a fuel cell when the load on an 
actuating system of the robot is abruptly increased. 
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To achieve the above object, there is provided in 
accordance with the present invention a legged moving robot 
having an action plan function to operate according to a 
predetermined action plan, comprising a fuel cell for supplying 
operating electric energy for the legged moving robot, 
operation control means for controlling operation of the legged 
moving robot according to the action plan, and electric 
generation managing means for monitoring a state of the fuel 
cell and contents of the action plan and for regulating an amount 
of electric energy generated by the fuel cell depending on the 
action plan. 

The legged moving robot is controlled in its 
operation according to the action plan by the operation control 
means. The electric generation managing means monitors both 
a state of the fuel cell and contents of the action plan, and 
regulates an amount of electric energy generated by the fuel 
cell depending on the action plan* When the action plan is 
executed, the electric generation managing means controls the 
amount of electric energy generated by the fuel cell so as not 
to bring about a shortage of the output electric energy from 
the fuel cell. The fuel cell which has a large energy storage 
capacity per weight can be used as the power supply of the legged 
moving robot. 

The legged moving robot may further comprise raw 
material storage means for storing a raw material from which 
to generate a fuel for the fuel cell, and a reformer for 
generating the fuel for the fuel cell from the raw material 
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supplied from the raw material storage means and supplying 
the generated fuel to the fuel cell, the electric generation 
managing means comprising means for directing a change in an 
amount of the fuel to be generated to the reformer depending 
on an amount of the fuel consumed by the fuel cell, analyzing 
the contents of the action plan before the action plan is 
executed, and, if it is recognized from the action plan that 
the legged moving robot will operate under a large load 
requiring at least a predetermined level of electric energy 
from the fuel cell, carrying out an anticipatory process to 
direct the reformer to increase the amount of the fuel to be 
generated thereby, before the legged moving robot operates 
under the large load. 

If it is recognizes from the action plan that the 
legged moving robot will operate under a large load, then the 
electric generation managing means directs the reformer to 
increase the amount of the fuel to be generated thereby. 
Therefore, before the legged moving robot operates under the 
large load, the amount of the fuel supplied from the reformer 
to the fuel cell can be increased. In this manner, a 
shortage of output electric energy from the fuel cell is 
counteracted when the legged moving robot operates under a 
large load. A large-size reservoir tank for storing fuel is 
therefore not required to provide for operation of the legged 
moving robot under large loads. 

The legged moving robot may further comprise a 
reservoir tank for storing the fuel generated by the reformer 
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and supplying the fuel to the fuel cell, the electric generation 
managing means comprising means for carrying out the 
anticipatory process so that the pressure in the reservoir tank 
will not exceed a predetermined upper pressure limit. 

When the anticipatory process is performed, the 
pressure in the reservoir tank increases progressively due to 
the fuel supplied from the reformer. If the pressure in the 
reservoir tank exceeds an upper pressure limit of the reservoir 
tank, then the reservoir tank will be liable to be damaged. 

The anticipatory process is carried out so that the 
pressure in the reservoir tank will not exceed the upper pressure 
limit, for thereby preventing the reservoir tank from being 
damaged. Since the pressure in the reservoir tank does not 
exceed the upper pressure limit in the anticipatory process, 
the reservoir tank may be of a minimum size required depending 
on the upper pressure limit. Since any marginal volume which 
needs to be provided in the reservoir tank may be small, the 
reservoir tank may be relatively small and light. 

The electric generation managing means may comprise 
means for determining, depending on at least reaction delay 
characteristics of the reformer, a preparation time estimated 
after the reformer is directed to increase the amount of the 
fuel to be generated thereby so that the amount of the fuel 
supplied from the reformer to the fuel cell will be at least 
a required amount depending on the operation of the legged moving 
robot under the large load, until a target amount of the fuel 
established depending on the required amount is actually 
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generated by the reformer, and directing the operation 
control means to start operating the legged moving robot 
under the large load upon elapse of the preparation time 
after the reformer is directed to increase the amount of the 
fuel to be generated thereby. 

Upon elapse of the preparation time, i.e., when 
the amount of the fuel generated by the reformer is estimated 
to have reached the target amount of the fuel, the electric 
generation managing means directs the operation control means 
to start operating the legged moving robot under the large 
load. Consequently, when the legged moving robot operates 
under the large load, a shortage of the output electric 
energy of the fuel cell is counteracted. 

The legged moving robot may further comprise 
generated fuel amount grasping or determining means for 
grasping or determining an amount of the fuel generated by 
the reformer, the electric generation managing means 
comprising means for determining an extent to which the 
reformer is directed to increase the amount of the fuel to be 
generated thereby, depending on at least the amount of the 
fuel generated by the reformer as grasped or determined by 
the generated fuel amount grasping means in the anticipatory 
process for supplying the required amount of the f uel . 

The electric generation managing means corrects 
the extent to which the reformer is directed to increase 
the amount of the fuel to be generated thereby, depending 
on the amount of the fuel generated by the reformei 
as grasped by the generated fuel amount grasping 
means. Therefore, before the preparation 
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time elapses, the amount of the fuel generated by the reformer 
can reliably be increased up to the target amount of the fuel. 

The generated fuel amount grasping means may com- 
prise means for grasping the amount of the fuel generated by 
the reformer from the amount of electric energy generated by 
the fuel cell, the temperature in the reformer, and the pressure 
at which the fuel is supplied from the reformer. 

The reformer supplies the. fuel cell with not only 
the fuel but also gases including water vapor generated when 
the fuel is generated. It is therefore difficult to directly 
detect the amount of the supplied fuel. The generated fuel 
amount grasping means estimates the amount of the fuel generated 
by the reformer indirectly from the amount of electric energy 
generated by the fuel cell, the temperature in the reformer, 
and the pressure at which the fuel is supplied from the reformer . 
Therefore, the amount of the fuel generated by the reformer can 
easily be grasped. 

The legged moving robot may further comprise 
generated fuel amount grasping means for grasping an amount of 
the fuel generated by the reformer, the electric generation 
managing means comprising means for directing the reformer to 
increase the amount of the fuel generated thereby so that the 
amount of the fuel supplied from the reformer to the fuel cell 
will be at least a required amount depending on the operation 
of the legged moving robot under the large load, and directing 
the operation control means to start operating the legged moving 
robot under the large load when the amount of the fuel generated 
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by the reformer as grasped by the generated fuel amount grasping 
means reaches at least a target amount of the fuel established 
depending on the required amount after the reformer is directed 
to increase the amount of the fuel generated thereby in the 
anticipatory process. 

The electric generation managing means directs the 
operation control means to start operating the legged moving 
robot under the large load when the amount of the fuel generated 
by the reformer as grasped by the generated fuel amount grasping 
means reaches at least a target amount of the fuel in the 
anticipatory process . The legged moving robot is thus prevented 
from operating under the large load while the amount of the fuel 
supplied from the reformer to the fuel cell is insufficient. 

The electric generation managing means may comprise 
means for directing the reformer to increase the amount of the 
fuel generated thereby so that the amount of the fuel supplied 
from the reformer to the fuel cell will be at least a required 
amount depending on the operation of the legged moving robot 
under the large load, thereafter calculating a preparation time 
estimated until the target amount of the fuel established 
depending on the required amount is actually generated by the 
reformer, and directing the operation control means to start 
operating the legged moving robot under the large load when the 
amount of the fuel generated by the reformer as grasped by the 
generated fuel amount grasping means reaches at least the target 
amount of the fuel or when the preparation time has elapsed after 
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the reformer is directed to increase the amount of the fuel 
generated thereby in the anticipatory process. 

If the electric generation managing means fails to 
operate, then even though the amount of the fuel generated by 
the reformer actually increases because the reformer is di- 
rected to increase the amount of the fuel generated thereby, 
the amount of the fuel generated by the reformer as grasped by 
the generated fuel amount grasping means does not increase, and 
may not reach the target amount ♦ 

In such a case, when the preparation time has elapsed 
after the reformer is directed to increase the amount of the 
fuel generated thereby, the amount of the fuel generated by the 
reformer is estimated to have increased to at least the target 
amount. When the preparation time has elapsed after the reformer 
is directed to increase the amount of the fuel generated thereby, 
the electric generation managing means directs the operation 
control means to start operating the legged moving robot under 
the large load even if the amount of the fuel generated by the 
reformer as grasped by the generated fuel amount grasping means 
has not. reached the target amount. Consequently, the legged 
moving robot " protected f^n failing to operate due to a 
failure -of the generated fuel amount grasping means. 

The legged moving robot may further comprise 
electric energy storage means for charging by the electric energy 
generated by the fuel oell and for supplying the operating electric 
energy. 
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Generally, the fuel cell may possibly fail to 
supply a sufficient amount of electric energy to operate the 
legged moving robot under a large load because the fuel cell 
has a relatively low level of instantaneous maximum output 
electric energy. According to the present invention, the 
electric energy storage means charged by the electric energy 
generated by the fuel cell supplies the operating electric 
energy to the legged moving robot . In as much as the 
instantaneous maximum output electric energy of the electric 
energy storage means can be made to be greater than the 
instantaneous maximum output electric energy of the fuel 
cell, the electric energy storage means can supply an amount 
of electric energy large enough to operate the legged moving 
robot under a large load. 

The legged moving robot may further comprise fuel 
supply means for supplying a fuel to the fuel cell, fuel cell 
starting means for starting to achieve the fuel cell, and 
charging means for generating a charging current from output 
electric energy from the fuel cell and charging the electric 
energy storage means with the charging current, the fuel cell 
starting means comprising means for starting to activate the 
fuel cell with output electric energy from the electric 
energy storage means, the operation control means comprising 
means for stopping supplying the operating electric energy 
from the electric energy storage means to the legged 
moving robot after the electric energy storage means 
is charged up to a reference voltage close to a 
maximum rated voltage of the electric energy 
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storage means by the charging means, when the fuel cell is to 
stop operating to finish operation of the legged moving 
robot . 

The operation control means stops supplying the 
operating electric energy from the electric energy storage 
means to the legged moving robot after the electric energy 
storage means is charged up to a reference voltage close to 
a maximum rated voltage of the electric energy storage means. 
Therefore, when the fuel cell is deactivated, the electric 
energy storage means is fully charged. Although the 
remaining amount of electric energy stored in the electric 
energy storage means decreases due to a natural discharge 
until the fuel cell is restarted, the electric energy 
supplied from the electric energy storage means to the fuel 
cell starting means is protected from a shortage, and hence 
the fuel cell is protected against failing to restart. 

If the legged moving robot has fuel supply means 
detachably connected to the fuel cell, for supplying a fuel 
to the fuel cell, then any remaining amount of the fuel in 
the fuel supply means may possibly be reduced to a very low 
level during operation of the legged moving robot. Thus, the 
fuel supply means should preferably be replaced without 
deactivating the legged moving robot. 

In order to replace the fuel supply means 
without stopping the operation of the legged moving 
robot, an arrangement for charging the electric 
energy storage means according to a first aspect of 
the present invention has charging means for 
generating a first charging current from output 
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electric energy from the fuel cell and charging the electric 
energy storage means with the first charging current, an 
external power supply for generating a second charging current , 
and auxiliary charging means detachably connected to the 
external power supply, for charging the electric energy storage 
means with the second charging current from the external power 
supply . 

According to the above first aspect, when the 
external power supply is connected to the auxiliary charging 
means, the electric energy storage means can be charged with 
the second charging current* Even when the fuel cell is 
deactivated to allow the fuel supply means to be replaced, the 
electric energy storage means can continuously be charged with 
the second charging current. Therefore, the fuel supply means 
can be replaced without stopping the operation of the legged 
moving robot. 

An arrangement for charging the electric energy 
storage means according to a second aspect of the present 
invention has charging means for generating a charging current 
from output electric energy from the fuel cell and charging the 
electric energy storage means with the charging current, an 
external power supply for supplying electric energy, and 
auxiliary power supply means detachably connected to the 
external power supply, for operating the charging means with 
the electric energy supplied from the external power supply to 
generate the charging current. 
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According to the above second aspect, when the 
external power supply is connected to the auxiliary power supply 
means , the charging means can be activated by the electric energy 
supplied ^from the external power .supply. Even when the fuel 

cell is deactivated to allow the fuel supply means to be 
.replaced, the electric energy storage means can continuously 
be charged by the charging means. Therefore > the fuel supply 
means can be replaced without stopping the operation of the 
legged moving robot. 

in each of the first and second aspects of the 
present invention, the fuel cell* is activated by the 
output electric energy of the electric energy storage means . 
The electric energy storage means is continuously charged by 
the charging means even upon replacement of the fuel supply 
means. Thus, after the fuel supply means is replaced, the fuel 
cell can be activated by the output electric energy of the 
electric energy storage means. It is therefore unnecessary to 
separately connect another external power supply for activating 
the fuel cell or. provide the legged moving robot with a dedicated 
power supply for activating the fuel cell. 

An arrangement for charging the electric energy 
r . storage means according to a third aspect of the present 
invention has charging means for generating a charging current 
from output electric energy from the fuel cell and charging the 
electric energy storage means with the charging current, an 
external power supply for supplying electric energy, and 
auxiliary power supply means detachably connected to the 
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external power supply, for activating the fuel cell with the 
electric energy supplied from the external power supply* 
According to the above third aspect, when the 
auxiliary power supply means is connected to the external power 
supply, the fuel cell can continuously be activated by the fuel 
remaining therein when the fuel supply means is replaced. When 
the fuel remaining in the fuel cell is fully consumed upon 
replacement of the fuel supply means, the charging means is 
operated by the electric power supplied from the auxiliary power 
supply means for thereby continuously charging the electric 
energy storage means* Therefore, the fuel supply means can be 
replaced without stopping the operation of the legged moving 
robot. When the replacement of the fuel supply means has 
been effected, the fuel cell can be activated again by the electric 

power supplied from the auxiliary power supply means. 

The above and other objects, features, and advan- 
tages of the present invention will become apparent from the 
following description when taken in conjunction with the 
accompanying drawings which illustrate preferred embodiments 
of the present invention by way of example. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a system for controlling 
the amount of electric energy generated by a fuel cell on a legged 
moving robot according to a first embodiment of the present 
invention ; 

FIGS, 2(a) through 2(f) are diagrams illustrative 
of the manner in which the fuel cell operates; 
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FIG, 3 is a block diagram of a target pressure 
setting means in the system shown in FIG. 1; 

FIGS. 4(a) through 4(f) are diagrams illustrative 
of the transition of reservoir tank pressures; 

FIGS. 5(a) through 5(c) are diagrams illustrative 
of the transition of a reservoir tank pressure; 

FIG. 6 is a flowchart of an operation sequence of 
a sequence manager in the system shown in FIG. 1; 

FIGS. 7(a) through 7(e) are timing charts of an 
operation sequence of an electric generation managing means in 
the system shown in FIG. 1; 

FIGS. 8(a) through 8(e) are timing charts of another 
operation sequence of the electric generation managing means 
in the system shown in FIG. 1; 

FIG. 9 is a block diagram of a system for controlling 
the amount of electric energy generated by a fuel cell on a legged 
moving robot according to a second embodiment of the present 
invention; 

FIG. 10 is a block diagram of an observer in the 
system shown in FIG. 9; 

FIG. 11 is a block diagram of a system for 
controlling the amount of electric energy generated by a fuel 
cell on a legged moving robot according to a third embodiment 
of the present invention; 

FIG. 12 is a block diagram of a control system for 
charging an electric double-layer capacitor; 
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FIG. 13 is a block diagram of a fuel cell unit in 
the control system shown in FIG, 12; 

FIG. 14(a) is a diagram showing the transition of 
electric energy consumed by a legged moving robot; 

FIG. 14(b) is a diagram showing the transition of 
an output voltage of a capacitor according to a conventional 
arrangement; 

FIG. 14(c) is a diagram showing the transition of 
an output voltage of a capacitor according to the present 
invention; 

FIG. 15 is a block diagram of a control system 
capable of replacing a fuel container without stopping the 
supply of electric energy to the robot according to the first 
embodiment; 

FIG. 16 is a block diagram of a control system 
capable of replacing a fuel container without stopping the 
supply of electric energy to the robot according to the second 
embodiment; and 

FIG- 17 is a block diagram of a control system 
capable of replacing a fuel container without stopping the 
supply of electric energy to the robot according to the third 
embodiment . 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

A system for controlling the amount of electric 
energy generated by a fuel cell on a legged moving robot 
according to a first embodiment of the present invention will 
be described below with reference to FIGS . 1 through 8 . 
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As shown in FIG. 1, a legged moving robot 1 comprises 
a biped robot. The* system shown in FIG. 1 has an operation 
control means 2 for controlling operation of actuating means such 
as motors or the like, a fuel cell 5 for supplying operating 
electric energy to the legged moving robot 1 via a charging 
circuit 3 (corresponding to a charging means) and an electric 
double-layer capacitor 4 (corresponding to an electric energy 
storage means ) , a hydrogen supply means 6 for supplying hydrogen 
as a fuel to the fuel cell 5, and an electric generation managing 
means 7 for regulating the amount of hydrogen supplied from the 
hydrogen supply means 6 to the fuel cell 5 thereby to control 
the amount of electric energy generated by the fuel cell 5 . 

The fuel cell 5 has a negative electrode supplied 
with hydrogen as a fuel and a positive electrode supplied with 
air as an oxidizing agent. When thus supplied with hydrogen 
and air, the fuel cell 5 generates electric energy. 
Specifically, the positive and negative electrodes of the fuel 

cell 5 involve the following chemical reactions: 

Negative electrode: H 2 2H* + 2e" (A) 

Positive electrodes l/20 2 + 2H* + 2e" H 2 0 *'*(B) 
The generated electric energy is supplied from the fuel cell 
5 to the charging circuit 3, which in turn charges the electric 
double-layer capacitor 4. 

The charged electric double-layer capacitor 4 
supplies operating electric energy to the legged moving robot 
1. Therefore, though the instantaneous maximum output electric 
energy of the fuel cell 5 is relatively small, the legged moving 
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robot 1 can be supplied with an amount of electric energy which 
is large enough to meet the power consumption requirement of 
the legged moving robot 1 • 

The hydrogen supply means 6 comprises a rawmaterial 
tank 8 (corresponding to a rawmaterial storage means) for 
storing methanol which is a source of hydrogen, a reformer 
9 for decomposing methanol supplied from the raw material tank 
8 into hydrogen and carbon dioxide thereby to generate hydrogen 
as a fuel for the fuel cell 5, a variable valve 10 for regulating 
the amount of methanol supplied from the raw material tank 8 
to the reformer 9, a pressure regulator 11 for reducing the 
pressure of hydrogen supplied from the reformer 9 to the fuel 
cell 5 to a constant pressure (e.g. , 0.3 atmospheric pressure) f 
and a reservoir tank 12 for storing a sufficient amount of 
hydrogen to be supplied from the reformer 9 to the fuel cell 

A review of the above equation (A) shows that the 
output electric energy from the fuel cell 5 varies depending 
on the amount of hydrogen consumed by the fuel cell 5 . Therefore , 
it is necessary to supply the fuel cell 5 with an amount of 
hydrogen which depends on how the amount of electric energy 
supplied from the electric double-layer capacitor 4 to the 
legged moving robot 1 changes, i.e., how the amount of electric 
energy discharged from the electric double-layer capacitor 4 
changes . 

If the amount of hydrogen consumed by the fuel cell 
5 increases to a value greater than the amount of hydrogen 
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supplied from the reformer 9 , then the amount of hydrogen stored 
in the reservoir tank 12 decreases, and hence the pressure in 
the reservoir tank 12 also drops* Conversely , if the amount 
of hydrogen consumed by the fuel cell 5 is smaller than the amount 
of hydrogen supplied from the reformer 9, then the amount of 
hydrogen stored in the reservoir tank 12 increases, and hence 
the pressure in the reservoir tank 12 also rises . Consequently, 
an excess or shortage of the amount of hydrogen supplied to the 
fuel cell 5 can be recognized by detecting the pressure in the 
reservoir tank 12, 

The electric generation managing means 7 comprises 
a required hydrogen calculating means 23 for analyzing an action 
plan received from the operation control means 2 and calculating 
an amount of hydrogen to be generated by the reformer 9, which 
amount is required to perform the action plan (hereinafter 
referred to as a "required amount of hydrogen to be generated" ) , 
a sequence manager 24 for being supplied with the required amount 
of hydrogen to be generated, the action plan, and a detected 
pressure of the reservoir tank 12 , outputting an ENABLE/ INHIBIT 
signal to the operation control means 2, and determining a time 
to change the amount of hydrogen =to be generated by the reformer 
9, a reformer generated amount directing means 25 for directing 
a change in the amount of hydrogen to be generated to the reformer 
9 according to instructions from the sequence manager 24, and 
a target pressure setting means 26 for establishing a target 
pressure in the reservoir tank 12 depending on the directed 
amount of hydrogen to be generated from the reformer generated 
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amount directing means 25 and an amount of hydrogen consumed 
by the fuel cell 5 as calculated by a consumed hydrogen 
converting means 29 which converts the amount of hydrogen 
consumed by the fuel cell 5. 

The electric generation managing means 7 serves to 
effect a control process for maintaining the pressure in the 
reservoir tank 12 at the target pressure (e.g., 1 atmospheric 
pressure) established by the target pressure setting means 26. 
As described later on, the target pressure may not be constant. 
The electric generation managing means 7 also serves to carry 
out a feedback control process for regulating the amount of 
hydrogen generated by the reformer 9 in order to equalize the 
pressure in the reservoir tank 12 as detected by a pressure 
sensor (not shown) to the target pressure, for thereby avoiding 
a shortage of the amount of hydrogen supplied to the fuel cell 
5. 

More specifically, the electric generation managing 
means 7 has an adder 20 which subtracts the detected pressure 
in the reservoir tank 12 from the target pressure, and a 
calculator 21 which determines a directive for an amount of 
hydrogen to. be generated in order to eliminate the difference 
calculated by the adder 20. The electric generation managing 
means 7 also has an adder 27 which adds the directive for an 
amount of hydrogen to be generated from the calculator 21 and 
the directed amount of hydrogen to be generated from the reformer 
generated amount directing means 25, to direct the reformer 9 
to adjust the amount of air to be supplied thereto and the 
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temperature setting of a heater thereof, and also direct the 
variable valve 10 to adjust the amount of methanol to be supplied 
to the reformer 9 . 

The operation control means 2 serves to perform an 
action plan function of the legged moving robot 1 . Specifically , 
when the legged moving robot 1 is to carry out a series of 
operations, e.g. , to walk for a certain distance, the operation 
control means 2 generates an action plan which defines an 
operation sequence of actuating means such as motors or the like 
of the legged moving robot 1 based on the operations, and 
controls the actuating means according to the action plan. 

The electric energy consumed by the biped robot 
while it is walking may possibly become at least twice the 
electric energy consumed by the biped robot while it is at rest, 
when the electric energy consumed by the legged moving robot 
1 thus increases, i.e., when the legged moving robot 1 starts 
walking, the fuel cell 5 needs to sharply increase the amount 
of electric energy generated thereby. Inasmuch as the reformer 
9 generates hydrogen by way of a chemical reaction between 
methanol and oxygen, a certain time delay occurs before an amount 
of hydrogen depending on the electric energy required for the 
legged moving robot 1 to walk is actually generated after the 
electric generation managing means 7 directs an increase in the 
amount of hydrogen to be generated by the reformer 9 according 
to the above feedback control process . 

FIGS. 2(a) and 2(b) are graphs showing the manner 
in which such a time delay occurs. In each of the graphs, the 
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vertical axis represents the amount of hydrogen generated by 
the reformer 9 or the directive for the amount of hydrogen to 
be generated by the reformer 9, and the horizontal axis 
represents time. A 0 represents the amount of hydrogen to be 
generated by the reformer 9 ( = the directive for the amount of 
hydrogen to be generated to the reformer 9 and the variable valve 
10 ) , which is required when the legged moving robot 1 is at rest, 
A l represents the amount of hydrogen to be generated by the 
reformer 9 (= the directive for the amount of hydrogen to be 
generated to the reformer 9 and the variable valve 10), which 
is required when the legged moving robot 1 is walking, i.e., 
when the legged moving robot 1 is operating under a large load , 
t x represents a time at which the legged moving robot 1 starts 
walking, and t 2 represents a time at which the legged moving 
robot 1 finishes walking. 

As shown in FIG. 2(a), the electric generation 
managing means 7 increases the directive for the amount of 
hydrogen to be generated to the reformer 9 and the variable valve 
10 from A 0 to A x when the legged moving robot 1 starts walking 
at the time t x . However, as shown in FIG . 2{b) , there is a time 
delay Td introduced before the amount of hydrogen generated by 
the reformer 9 actually reaches A 1 , During the time delay Td, 
the operating electric energy supplied to the legged moving 
robot 1 suffers a shortage when the legged moving robot 1 starts 
walking, and the operation control means 2 may possibly fail 
to carry out the action plan properly. 
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As shown in FIG. 1, before the legged moving robot 
1 starts walking, the electric generation managing means 7 
carries out an anticipatory process for directing the reformer 
9 and the variable valve 10 to increase the amount of generated 
hydrogen. The electric generation managing means 7 includes 
a feed-forward control process section which corresponds to the 
anticipatory process. Specifically, the electric generation 
managing means 7 analyzes the contents of the action plan 
generated by the operation control means 2 and monitors whether 
the legged moving robot 1 will operate under a large load which 
requires electric energy to be supplied from the fuel cell 5 
at a predetermined level or higher. 

If the electric generation managing means 7 
recognizes that the legged moving robot 1 will operate under 
a large load, then the electric generation managing means 7 sends 
an INHIBIT signal to the operation control means 2 to inhibit 
the operation control means 2 from operating the legged moving 
robot 1 under the large load. Then, the required hydrogen 
calculating means 23 calculates an amount Sn of hydrogen to be 
generated depending on the electric energy required to operate 
the legged moving robot 1 under the large load (which amount 
correspond^, to a required amount to be supplied* In FIGS. 2(a) 
through 2(f), the amount A, corresponds to the amount Sn) from 
a data table which has experimentally been determined or a 
predetermined equation. 

The sequence manager 24 calculates a preparation 
time Ts , compares the preparation time Ts with the present time, 
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and indicates a subsequent operation sequence to the operation 
control means 2 and the reformer generated amount directing 
means 25. In response to the indicated subsequent operation 
sequence, the reformer generated amount directing means 25 
calculates a directive for equalizing the amount of hydrogen 
to be generated by the reformer 9 to A r The directive is added 
to the output from the calculator 21 by the adder 27 , which then 
supplies an incremental directive to the reformer 9 and the 
variable valve 10 to equalize the amount of hydrogen to be 
generated by the reformer 9 to A r At this time, a switch 2 8 
may be operated to interrupt the feedback control process 
carried out by the adder 20 and the calculator 21 for thereby 
preventing the incremental directive for the amount of hydrogen 
to be generated, which is supplied to the reformer 9 and the 
variable valve 10, from being limited by the feedback control 
process. 

The target pressure setting means 26 may output an 
estimated value of a pressure transition at the time hydrogen 
is generated using only the output of the reformer generated 
amount directing means 25 directly as a directive for the amount 
of hydrogen to be generated, for thereby equivalently cancelling 
the feedback control process carried out by the adder 20 and 
the calculator 21, i.e. , for thereby substantially eliminating 
the output of the calculator 21, thus preventing the incremental 
directive supplied to the reformer 9 and the variable valve 10 
from being limited by the feedback control process. 



- 25 - 



ISDOCID: <CA. 



_2271498A1_L> 



CA 02271498 1999-05-11 



FIG. 3 shows the target pressure setting means 26 
in detail. As shown in FIG* 3, the target pressure setting means 
2 6 is supplied with the directive from the reformer generated 
amount directing means 25 and the amount of consumed hydrogen 
calculated by the consumed hydrogen converting means 29, and 
outputs the sum of -a pressure variation estimated by a reservoir 
tank model 30 and a predetermined reservoir tank pressure 
setting of about 1 atmospheric pressure as the target pressure 
in the reservoir tank 12. The reservoir tank model 30 may be 
the same as the one used in an observer (described later on) 
shown in FIG. 10. The output from the reformer generated amount 
directing means 25 to the adder 27 may be converted so as to 
be equivalent to the above pressure variation. 

Operation of the target pressure setting means 2 6 
will be described in detail with reference to FIG. 3. In the 
target pressure setting means 26, a reformer generated hydrogen 
estimative calculator 31 calculates a time-series amount of 
hydrogen to be generated from the time-series directive for an 
amount of hydrogen to be generated which is received from the 
reformer generated amount directing means 25. Then, an adder 
32 subtracts a real-time value of the amount of hydrogen consumed 
by the fuel cell 5, which is calculated by the consumed hydrogen 
converting means 29, from the calculated time-series amount of 
hydrogen to be generated. The reservoir tank model 30 then 
estimates a pressure variation in the reservoir tank 12 from 
the difference calculated by the adder 32. 
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In this manner, the pressure variation in the 
reservoir tank 12 which results from the feed- forward control 
process carried out by the reformer generated amount 
directing means 25 can be added to a reservoir tank pressure 
target value (directive) . When the feedback control process 
is carried out on the basis of the reservoir tank pressure 
target value, the feed- forward control process is protected 
from being affected by the feedback control process. 

When the preparation time Ts has elapsed after 
sending the incremental directive to the reformer 9 and the 
variable valve 10, the electric generation managing means 7 
sends a walking permission signal (ENABLE signal) to the 
operation control means 2, which signal corresponds to a 
directive to start operating the legged moving robot 1 under 
a large load. In FIG. 2(c) the hatched region (1) represents 
an excessive amount of generated hydrogen, and the dotted 
region (2), which is of the same area as the region (1), 
consumes the excessive amount of generated hydrogen. Thus, 
the legged moving robot 1 can start walking after the 
preparation time Ts. In FIG . 2(c), h(t) represents an actual 
amount of hydrogen generated by the reformer 9, and g(t) 
represents an actual amount of hydrogen consumed by the fuel 
cell 5. Because the incremental directive is applied to the 
reformer 9 and the variable valve 10 to increase the amount 
of generated hydrogen before the legged moving robot 1 starts 
walking, as described above, any changes in the pressure in 
the reservoir tank 12 are reduced as shown in FIG. 2(d). 
Therefore, the reservoir tank 12 may be reduced in size. 
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In as much as it is difficult to accurately determine the 
actual delay time Td in FIG. 2(b), the preparation time Ts is 
calculated depending on reaction delay characteristics of the 
reformer 9, where the reformer 9 is understood as an element with 
a time lag of first order having a time constant t (t is 
experimentally determined in advance), according to this 
embodiment. A process of calculating the preparation time Ts 
will be described below with reference to the graph shown in 
FIG. 2(c). For illustrative purposes, it is assumed that the 
amount A 0 of hydrogen to be generated when the legged moving , 
robot 1 is at rest is "0" , and a time t 0 at which an incremental 
directive is issued to equalize the amount of hydrogen to be 
generated to A t is "0". It is also assumed that the amount of 
hydrogen generated by the reformer 9 increases and decreases 
in the same manner. 

The graph shown in FIG. 2(c) shows a superposition 
of the following functions g(t), h(t) : 

y * ' \0 (t<t lf t 2 <t) 

h(t) = A 1 (l-e"7)(t 1 *t) • (2) 

The function g(t) represents a transition of an 
-ideal amount of hydrogen to be generated "by the ref ormer 9 when 
the legged moving robot 1 moves from the time t, to the time 
t 2 under a large load, and the function h(t) represents a 
transition of an amount of hydrogen to be generated by the 
reformer 9 which is assumed to be an element with a time lag 
of first order, when a directive to equalize the amount of 
supplied hydrogen to A t from the time t 0 that is earlier than 
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the time tj by the predicted time delay Ts to a time. t w Ct w - 
t 0 = t 2 - t t « walking time). The areas of the regions (l) , (2) are 
expressed respectively by: 

(1) = J^A^l-e-^dt *-(3) 

(2) = J^{A l -A(l-e*7)}dt=J^A 1 e"rdt 

Because of a balance to be achieved between the amount of 
hydrogen generated by the reformer 9 and the amount of hydrogen 
consumed by the fuel cell 5, the above equations (3), (4) are 
equalized to each other Q) = (2) and solved for t t as follows: 

tj - t- e t • - • (5 ) 

Since it can be assumed that t v » x, t t is expressed by: 

tj - x (6) 
The electric generation managing means 7 uses the 
time constant x as the preparation time Ts. Specifically, at 
the time t t upon elapse of the preparation time Ts after sending 
the incremental directive at the time t ft as shown in FIG. 2(e), 
the electric generation managing means 7 sends the ENABLE signal 
to the operation control means 2 . At this time , the amount of 
hydrogen generated by the reformer 9, which is assumed to be 
an element with a time lag of first order, changes as indicated 
by the dotted-line curve in FIG. 2(e). The amount of hydrogen 
generated at the time t t is represented by A 0 + (A t - P^) x 63.2 % 
(corresponding to a taraet amount of hydrogen to be generated) . 
As a result, the region (l) in FIG. 2(c) represents an excessive 
amount of generated hydrogen, and the region (2) , which is of the 
same area as the region (1) , consumes the excessive amount of 
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generated hydrogen, with the result that the walking of the 
legged moving robot 1 is not obstructed. 

At the time t w which is the preparation time Ts 
earlier than the walking finishing time t 2 , the electric 
generation managing means 7 reduces the directive for the amount 
of hydrogen to be generated fromA l to A 0 . As shown in FIG.. 2(d) , 
therefore, the pressure in the reservoir tank 12 is protected 
from being increased excessively after the legged moving robot 
1 has stopped .walking . 

When the reaction delay of the reformer 9 according 
to the reaction delay characteristics thereof is large, the 
electric generation managing means 7 gives an incremental 
directive to increase the amount of hydrogen to be generated 
to A 2 higher than A ir as shown in FIG. 2 (f ) , for thereby shortening 
the time required for -the amount of hydrogen to be generated 
by the reformer 9 to increase to the target amount Sa of hydrogen 
to be generated. 

A process of reducing a pressure change in the 
reservoir tank 12 when the electric generation managing means 
7 calculates the preparation time Ts and controls the amount 
of hydrogen to be generated by ithe reformer 9 will be described 
-below with reference to FIGS. 4(a) through4(f ) and 5(a) through 
5(c) . FIGS. 4(a), 4(b), and 4(c) illustrate a pressure change 
in the reservoir tank 12 at the time the legged moving robot 
1 is controlled to walk according to a conventional process, 
and FIGS. 4(d) , 4(e), and 4(f) illustrate a pressure change in 
the reservoir tank 12 at the time the legged moving robot 1 is 

- 30 - 



NSDOCID: <CA. 



2271498A1_L> 



CA 02271498 1999-05-11 



controlled to walk with the preparation time Ts being equal to 
the time constant x. FIGS. 5(a), 5(b), and 5(c) illustrate a 
pressure change in the reservoir tank 12 at the time the legged 
moving robot 1 is controlled to walk with the preparation time 
Ts being shorter than the time constant x. 

According to the conventional process, the time t^ 
at which the amount of generated hydrogen as shown in FIG. 4(a) 
and the time t x at which the legged moving robot' 1 starts walking 
as shown in FIG. 4(b) f are the same. As a result, 
for a certain period of time after the legged moving robot 1 
has started walking, the amount of hydrogen consumed by the fuel 
cell 5 as shown in FIG. 4(b) is greater than the actual amount 
of hydrogen generated by the reformer 9 as shown in FIG. 4(a), 
and the pressure in the reservoir tank 12 largely drops to a 
* level lower than a minimum pressure required to operate the 
legged moving robot 1 as shown in FIG. 4(c). In this case, the 
amount of hydrogen supplied to the fuel cell 5 is reduced, 
resulting in a shortage of the amount of electric energy 
generated by the fuel cell 5. 

When the legged moving robot 1 stops walking, since 
the actual amount of hydrogen generated by the reformer 9 as 
shown in FIG. 4(a) becomes greater than the amount of hydrogen 
consumed by the fuel cell 5 as shown in FIG. 4(b), and the 
pressure in the reservoir tank 12 exceeds a limit maximum 
pressure determined according to specifications of the 
reservoir tank 12 as shown in FIG. 4(c). If the volume of the 
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reservoir tank 12 is increased to avoid these drawbacks; then 
the reservoir tank 12 will increase in size and weight. 

According to a process of the present invention, 
after an incremental directive is given to increase the amount 
of hydrogen to be generated at the time t 0 in FIG. 4(d), the 
legged moving robot 1 is controlled to start walking at the time 
t x after elapse of the preparation time Ts as shown in FIG. 4(e) . 
The preparation time Ts is set to the time constant x at the 
time the reformer 9 is regarded as an element with a time lag 
of first order. Since the time at which the legged moving robot 
1 starts walking is thus delayed, as shown in FIG. 4(f), the 
pressure change in the reservoir tank 12 is made smaller than 
the pressure change according to the conventional process as 
shown in FIG, 4(c). Consequently, the reservoir tank 12 can 
be reduced in size and weight. 

According to another process of the present 
invention, the preparation time Ts shown in FIG. 5 (a) is set 
to . a period shorter than the time constant x as shown in FIG. 
5 (b) • As a result, as shown in FIG. 5 ( c ) the pressure change 
in the reservoir tank 12 is made smaller than the pressure change 
achieved by the process according to the present invention as 
; shown in-FIG. 4 (f ) . Therefore, the reservoir tank 12 can further 
be reduced in size and weight. The preparation time Ts is 
expressed by: 

Ts = time constant (x) x constant (equal to or smaller 

than 1), 
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and is applied both when the legged moving robot 1 starts walking 
and when the legged moving robot 1 stops walking. If required, 
the preparation time Ts can be set to more finely adjusted 
values, and may be calculated by: 

Ts = f (a present pressure , a change in the target 
amount of hydrogen to be generated, a target pressure setting, 
an upper pressure limit, a lower pressure limit, a time con- 
stant) , 

so that the pressure in the reservoir tank 12 will not exceed 
the upper pressure limit (corresponding to a predetermined 
upper pressure limit) . The present pressure means the present 
pressure in the reservoir tank 12, and the target pressure 
setting means a target value for the pressure in the reservoir 
tank 12, which is an input variable. The other values in the 
above equation represent parameters . The time constant means 
a time constant at the time the reformer 9 is regarded as an 
element with a time lag of first order. For example, if the 
present pressure is high, since the amount of hydrogen stored 
in the reservoir tank 12 is sufficient, the preparation time 
Ts may be set to a shorter value. Rather than calculating the 
preparation time Ts according to the above equations, the 
preparation time Ts may be determined from an experimentally 
prepared data table or the like. 

Specific operation of the electric generation 
managing means 7 in the system for controlling the amount of 
electric energy generated by the fuel cell on the legged moving 
robot according to the first embodiment of the present invention 
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will be described below basically in relation to operation of 
the sequence manager 24 with reference to FIGS. 1, 6, 7, and 
8. FIGS • 7(a) and 8(a) show a transition of the operation state 
of the sequence manager 24. FIGS. 7(b) and 8(b) show an action 
plan (walking plan) directed by the operation control means 2. 
FIGS. 7(c) and 8(c) show a transition of the amount of hydrogen 
consumed by the fuel cell 5 (corresponding to the amount of 
electric energy consumed by the legged moving robot 1) . FIGS ♦ 
7(d) and 8(d) show a transition of the amount of hydrogen 
generated by the reformer 9. FIGS, 7(e) and 8(e) show changes 
in a control signal (ENABLE/ INHIBIT) outputted to the operation 
control means 2 . 

The sequence manager 24 repeatedly executes a 
routine of STEPs 1 through 6 in the flowchart shown in FIG. 6. 
In the routine of STEPs 1 through 6, the operation state of the 
sequence manager 24 is either one of "WALKING PLAN CHANGE WAITING 
STATE" which is a state of waiting for a walking plan directive 
from the operation control means 2, "REFORMED GENERATION 
DIRECTIVE WAITING STATE" which is a state of waiting for the 
timing to direct a change in the amount of generated hydrogen 
from the reformer generated amount directing means 25: to the 
reformer 9 after a walking plan directive is received from the 
operation control means 2, and "REFORMED GENERATION PRECEDING 
STATE" which is a state of waiting for the preparation time Ts 
to elapse after the reformer 9 is directed to change the amount 
of .hydrogen generated* 
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When in "WALKING PLAN CHANGE WAITING STATE" , the 
sequence manager 24 branches from STEP 2 to STEP 10, If there 
is a request for a walking plan change from the operation control 
means 2 in STEP 10, then control goes to STEP 11 in which the 
sequence manager 24 receives contents (directives for the start 
of walking and the stop of walking) of the walking plan from 
the operation control means 2 , and goes to "REFORMED GENERATION 
DIRECTIVE WAITING STATE''- If there is no request for a walking 
plan change from the operation control means 2 in STEP 10, then 
the sequence manager 24 remains in "WALKING PLAN CHANGE WAITING 
STATE" . 

When in "REFORMED GENERATION DIRECTIVE WAITING 
STATE", the sequence manager 24 branches from STEP 3 to STEP 
20 in which it calculates the preparation time Ts . If the present 
time t is the preparation time Ts earlier than a directed time 
t p for starting the walking plane <t 2: t p - Ts), then control 
goes to STEP 22 in which the reformer generated amount directing 
means 25 calculates an amount of hydrogen to be generated by 
the reformer 9 and indicates the calculated amount to the 
reformer 9. In STEP 23, the sequence manager 24 outputs an 
INHIBIT signal to the operation control means 2 to inhibit an 
operation change of the operation control means 2 , and goes to 
"REFORMED GENERATION PRECEDING STATE". 

When in "REFORMED GENERATION PRECEDING STATE", 
upon elapse of the preparation time Ts after going to "REFORMED 
GENERATION PRECEDING STATE" in STEP 4, the sequence manager 24 
sends an ENABLE signal to the operation control means 2 in STEP 
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5 . In response to the ENABLE signal , the operation control means 
2 executes the requested walking plan. Then, the sequence 
manager 24 goes to "WALKING PLAN CHANGE WAITING STATE". 

The ENABLE signal is a signal for permitting the 
operation control means 2 to change operation of the legged 
moving robot 1, but not a signal for permitting the walking of 
the legged moving robot 1. Specifically, when the ENABLE signal 
is sent from the sequence manager 24 to the operation control 
means 2, a change of operation of the legged moving robot 1 is 
permitted, and the operation control means 2 can stop the legged 
moving robot 1 which has been walking- When no ENABLE signal 
is outputted from the sequence manager 24 to the operation 
control means 2 , no change of operation of the legged moving 
robot 1 is permitted, and the legged moving robot 1 continuously 
walks if it has been walking, for example. 

A specific example of operation of the legged moving 
robot 1 according to the flowchart shown in FIG, 6 will be 
described below with reference to FIGS. 7(a) through 7(e). 

FIGS. 7(a) through 7(e) illustrate an example in 
which there is a latency time after the sequence manager 24 has 
received- the walking plan from the operation control means 2 
until the legged moving robot 1 actually starts walking. When 
the sequence manager 24 is in "WALKING PLAN CHANGE WAITING STATE" 
(STll in FIG. 7(a) ) , if the sequence manager 24 receives a walking 
plan directive (1) ixi FIG. 7(b)) for the legged moving robot 1 
to start walking at a time t p l from the operation control means 
2 ((2) in FIG. 7(c)), then the sequence manager 24 enters and 
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remains in "REFORMED GENERATION DIRECTIVE WAITING STATE" (ST12 
in FIG. 7(a)) during a period (Twl) until a time t c l which is 
a preparation time Tsl earlier than the walking start time t p l . 

At the time t c l, the sequence manager 24 causes the 
reformer generated amount directing means 25 to increase the 
directive for the amount of hydrogen to be generated by the 
reformer 9 ((3) in FIG. 7 (d)). As shown in FIG. 7 (d) , the amount 
of hydrogen generated by the reformer 9 increases . The sequence 
manager 24 sends an INHIBIT signal to the operation control means 
2 to inhibit the operation control means 2 from operating, and 
goes to "REFORMED GENERATION PRECEDING STATE" (ST13 in FIG. 

7(a)). 

At the walking start time t p l, the sequence manager 
24 outputs an ENABLE signal to the operation control means 2 
to cancel the operation inhibition for thereby issuing a walking 
start directive (5) in FIG. 7(d)). The operation control means 
2 now controls the legged moving robot 1 to start walking, and 
the sequence manager 24 goes to "WALKING PLAN CHANGE WAITING 
STATE" (ST21 in FIG. 7(a)). 

When the sequence manager 24 receives an action plan 
directive (6) in FIG. 7(b)) to stop walking from the operation 
control means 2 ( (7) in FIG. 7 (c) ) , the sequence manager 24 enters 
and remains in "REFORMED GENERATION DIRECTIVE WAITING STATE" 
(ST22 in FIG. 7(a) ) during a period (Twl) until a time t e 2 which 
is a preparation time Ts2 earlier than a walking stop time t p 2 . 

At the time t c 2, the sequence manager 24 causes the 
reformer generated amount directing means 25 to reduce the 
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directive fpr the amount of hydrogen to be generated by the 
reformer 9 ((B) in FIG. 7(d)), and goes to "REFORMED GENERATION 
PRECEDING STATE- (ST23 in FIG. 7{a)). As shown in FIG. 7(d) , 
the amount of hydrogen generated by the reformer 9 gradually 
decreases. The sequence manager 24 outputs an ENABLE signal 
to the operation control means 2 at the walking stop time t p 2 
thereby to issue a walking stop directive ({9) in FIG. 7(d)). m 
response to the walking stop directive, the operation control 
means 2 controls the legged moving robot 1 to stop walking. 

In this manner, the delay time represented by the 
preparation time Ts2 is included after the operation control 
means 2 receives the walking stop directive from the sequence 
manager 24 until the legged moving robot 1 actually stops 
walking. Therefore, when the legged moving robot 1 stops 
walking, the amount of hydrogen supplied from the reformer 9 
to the fuel cell 5 is prevented from becoming excessive, and 
hence the pressure in the reservoir tank 12 is prevented from 
suffering an abnormal buildup. 

FIGS. 8(a) through 8{e) illustrate an example in 
which the legged moving robot 1 starts walking simultaneously 
when or in a short period of time after the sequence manager 
2 4 receives the walking plan from the operation control means 
2. When the sequence manager 24 is in "WALKING PLAN CHANGE 
WAITING STATE- (ST11 in FIG. 8(a);, if the sequence manager 24 
receives an action plan directive ((1) in FIG. 8(b)) for the legged 
moving robot 1 t.o start walking immediately from the operation 
control means 2 ((2) in FIG. 8(c)), then the sequence manager 24 
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causes the reformer generated amount directing means 2 5 to 
increase the directive for the amount of hydrogen to be generated 
by the reformer 9 ((3) in FIG. 8(d)). The sequence manager 24 
sends an INHIBIT signal to the operation control means 2 to 
inhibit the operation control means 2 from operating , and goes 
to "REFORMED GENERATION PRECEDING STATE" (ST13 in FIG. 8(a)). 
At this time, the sequence manager 2 4 does not go to "REFORMED 
GENERATION DIRECTIVE WAITING STATE" (ST12 in FIG- 7(a)). 

As shown in FIG. 8(d), the amount of hydrogen 
generated by the reformer 9 gradually increases . The sequence 
manager 24 outputs an ENABLE signal to the operation control 
means 2 thereby to issue a walking stop directive ((5) in FIG. 
8(d)) at a time t q l upon elapse of a preparation time Tsl after 
going to "REFORMED GENERATION PRECEDING STATE" * In this manner , 
the delay time represented by the preparation time Tsl is 
included after the operation control means 2 receives the 
walking stop directive from the sequence manager 24 until the 
legged moving robot 1 actually stops walking. Therefore, when 
the legged moving robot 1 starts walking, the amount of hydro-gen 
supplied from the reformer 9 to the fuel cell 5 is protected 
from being insufficient, and hence the amount of electric energy 
generated by the fuel cell 5 is protected f rem suffering a 
shortage. 

When the sequence manager 24 receives an action plan 
directive ((6) in FIG. 8(b)) to stop walking frcm the operation 
control means 2 ((7) in FIG. 8(c)), the sequence manager 24 
immediately causes the reformer generated amount directing 
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means 25 to reduce the direct for the amount of hydrogen to 
be generated by the reformer 9 ((8) in FIG. 8(d)) , and goes to 
"REFORMED GENERATION PRECEDING STATE" (ST23 in FIG. 8(a)). 
Therefore , as when the legged moving robot 1 starts moving , the 
sequence manager 24 does not go to "REFORMED GENERATION 
DIRECTIVE WAITING STATE". 

As shown in FIG. 8(d), the amount of hydrogen 
generated by the reformer 9 gradually decreases . The sequence 
manager 24 outputs an ENABLE signal to the operation control 
means 2 at a time t q 2 upon elapse of the preparation time Ts2 
after going to "REFORMED GENERATION PRECEDING STATED /ST23 in 
FIG. 8(a) ) thereby to issue a walking stop directive ((9) in FIG 
8(d)). As with the example shown in FIGS. 7(a) through 7(e), 
therefore, when the legged moving robot 1 stops walking, the 
amount of hydrogen supplied from the reformer 9 to the fuel cell 
5 is protected from becoming excessive, and hence the pressure 
in the reservoir tank 12 is protected from suffering an abnormal 
buildup. 

A system for controlling the amount of electric 
energy generated by a fuel cell on a legged moving robot 
according to a second embodiment of the present invention will 
'be described below with reference to FIGS . 9 and 10. Those parts 
of the system shown in FIGS. 9 and 10 which are identical to 
those shown in FIG. 1 are denoted by identical reference 
numerals, and will not be described in detail below. According 
to the first embodiment, the timing to send an ENABLE signal 
to the operation control means 2 as a walking start directive 
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is determined by the preparation time Ts . However, since the 
preparation time Ts is calculated regarding the reformer 9 as 
an element with a time lag of first order, the preparation time 
Ts may possibly suffer a large error with respect to the actual 
delay time of the reformer 9 . 

As shown in FIG. 9, the electric generation managing 
means 7 in the system according to the second embodiment has 
an observer 40 (corresponding to a generated fuel amount 
determining means) for determining an amount of hydrogen generated 
by the reformer 9. As shown in FIG. 10, the observer 40 is 
supplied with an amount of hydrogen consumed by the fuel cell 
5 as calculated by the consumed hydrogen converting means 2 9 
from the amount of electric energy generated by the fuel cell 
5 , a temperature in the reformer 9 as detected by a temperature 
sensor 101, and a pressure in the reservoir tank 12 as detected 
by a pressure sensor 102, and estimates an amount of hydrogen 
generated by the reformer 9. 

As shown in FIG, 9, the consumed hydrogen converting 
means 29 divides the amount of electric energy generated by the 
fuel cell 5 by a consumed hydrogen amount conversion ratio to 
calculate an amount of hydrogen consumed by the fuel cell 5. 
As shown in FIG. 10, the observer 40 has an adder 108 which is 
supplied with the difference between the amount of hydrogen 
consumed by the fuel cell 5 as calculated by the consumed 
hydrogen converting means 29 , and a preceding value of the amount 
of generated hydrogen estimated by the observer 40, a 
calculating element 104 which determines a pressure in the 

- 41 - 



MSDOCID: <CA 2271498A1 J_> 



CA 02271498 1999-05-11 



reservoir tank 12 depending on the volume of the reservoir tank 
12 , a correcting element 105 which corrects the pressure in the 
reservoir tank 12 depending on the temperature, and an adder 
10 6 which determines the difference between the corrected 
pressure and the pressure in the reservoir tank 12 as detected 
by the pressure sensor 42, The difference is supplied to a 
transfer function H, whose output signal is used as an estimated 
present amount of hydrogen generated by the reformer 9. 

The transfer function H may be selected from a 
plurality of transfer functions depending on whether more 
importance is to be attached to response or estimating accuracy. 
The consumed hydrogen amount conversion ratio may be regarded 
as l/(the electric energy generation efficiency of the fuel 
cell) . 

As shown in FIG. 9, the electric generation managing 
means 7 has an adder 41 which determines the difference between 
the detected pressure in the reservoir tank 12 and the target 
pressure of about 1 atmospheric pressure which is established 
by the target pressure setting means 26, and a calculator 42 
which determines a directive in order to eliminate the 
difference calculated by the adder 41. The electric generation 
managing means 7 also has an adder 43 which adds the directive 
from the calculator 42 and the directed amount of hydrogen to 
be generated from the reformer generated amount directing means 
25, and subtracts the amount of hydrogen consumed by the fuel 
cell 5 as calculated by the consumed hydrogen converting means 
29. 



- 42 - 



iNSDOCID: <CA 2271498A1 J_> 



CA 02271498 1999-05-11 



The electric generation managing means 7 also has 
an adder 44 which subtracts the amount of hydrogen generated 
by the reformer 9 as estimated by the observer 40 from the 
directive from the adder 43, and a calculator 45 which directs 
an amount of hydrogen to be generated to the reformer 9 and the 
variable valve 10 in order to equalize the amount of hydrogen 
generated by the reformer 9 as estimated by the observer 40 to 
the directive from the adder 43. The electric generation 
managing means 7 may have a feed-forward element 46 for improving 
the response speed* The electric generation managing means 7 
also has a switch 47 , which is similar to the switch 2 8 shown 
in FIG. 1, that is operated to interrupt the feedback control 
process carried out by the adder 41 for thereby preventing the 
incremental directive for the amount of hydrogen to be 
generated , which is supplied to the reformer 9 and the variable 
valve 10, from being limited by the feedback control process ♦ 
As described above, the observer 40 estimates an 
amount of hydrogen generated by the reformer 9 , and determines 
the difference between the estimated amount and the directive 
for an amount of hydrogen to be generated. When the increment 
of the actual amount of hydrogen generated by the reformer 9 
in response to the incremental directive for increasing the 
amount of generated hydrogen is small, the incremental 
directive is further increased. The observer 40 in the system 
according to the second embodiment shown in FIG. 9 provides a 
local feedback loop on the directive for an amount of hydrogen 
to be generated, which is output from the reformer generated 
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amount directing means 25, unlike the system according to the 
first embodiment which does not employ the observer. Therefore, 
the system according to the second embodiment is more responsive 
and can control the amount of generated hydrogen more accurately 
than the system according to the first embodiment. Conse- 
quently, the actual amount of generated hydrogen upon elapse 
of the preparation time Ts is closer to the estimated valuer 
with the result that the possibility of a shortage 

of the electric energy supplied to the legged moving robot 1 
is reduced ♦ 

A system for controlling the amount of electric 
energy generated by a fuel cell on a legged moving robot 
according to a third embodiment of the present invention will 
be described below with reference to FIG. 11. Those parts of 
the system shown in FIG. 11 which are identical to those shown 
in FIG. 1 are denoted by identical reference numerals, and will 
not be described in detail below. According to the second 
embodiment, the timing to send an ENABLE signal to the operation 
control means 2 as a walking start directive is determined on 
the basis of the preparation time Ts . According to the third 
embodiment, a decision reference amount S a of hydrogen to be 
generated is determined depending on the required amount Sn of 
hydrogen to be generated, and the timing to send an ENABLE signal 
to the operation control means 2 is determined oh the basis of 
the decision reference amount Sa. 

Specifically, in the electric generation managing 
means 7, the required hydrogen calculating means 23 calculates 
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the required amount Sn of hydrogen to be generated. The electric 
generation managing means 7 determines the decision reference 
amount Sa to be 70 % of the required amount Sn, for example. 
The reformer generated amount directing means 25 issues an 
incremental directive to increase the amount of generated 
hydrogen to the reformer 9 in order to generate hydrogen in the 
decision reference amount Sa. The control process subsequent 
to the adder 43 is the same as the control process according 
to the second embodiment. 

The sequence manager 24 compares the decision 
reference amount Sa with an amount Sp of hydrogen generated by 
the reformer 9 as estimated by the observer 40, and outputs an 
ENABLE signal to the operation control means 2 when the amount 
Sp is equal to or greater than the decision reference amount 
Sa. As with the first and second embodiments, therefore, the 
amount of hydrogen generated by the reformer 9 can be increased 
to a level required for the legged moving robot 1 to walk until 
the legged moving robot 1 starts walking ( at the time t x ) . When 
the legged moving robot 1 starts walking, the amount of electric 
energy supplied from the fuel cell 5 is protected from suffering 
a shortage. The decision reference amount Sa may be varied 
depending on the remaining pressure in the reservoir tank 12. 

While the preparation time Ts is used as a reference 
to decide whether an ENABLE signal is to be output or not 
in the first and second embodiments, the estimated value of the 
amount of generated hydrogen is used as such a reference 
according to the third embodiment. According to the third 
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embodiment , theref ore f it is possible to decide more accurately 
whether an ENABLE signal is to be output or not, and as a 
result , the possibility of a shortage of the electric energy 
supplied to the legged moving robot 1 is greatly reduced. 

In FIG. 10, if the observer 40 fails to function 
normally due to a fault of the temperature sensor 101 or the 
like, then even when the electric generation managing means 7 
has issued an incremental directive to increase the amount of 
generated hydrogen to the reformer 9 and the variable valve 10, 
and the amount of hydrogen generated by the reformer 9 has 
actually increased to the decision reference amount Sa r the 
amount of hydrogen generated by the reformer 9 as estimated by 
the observer 40 may not increase to or beyond the decision 
reference amount Sa. If this happens, since no ENABLE signal 
is sent to the operation control means 2 , the legged moving robot 
1 fails to operate* 

Such an operation failure of the legged moving robot 
1 may be avoided by the following process: When the sequence 
manager 24 issues an incremental directive, the sequence 
manager 24 calculates the preparation time Ts as with the first 
and second embodiments . When the preparation time Ts has elapsed 
'* after the incremental directive has been issued, it is estimated 
that the amount of hydrogen generated by the reformer 9 is equal 
to or greater than the decision reference amount Sa, 

Therefore, when the preparation time Ts has elapsed 
after the incremental directive has been issued to the reformer 
9 and the variable valve 10, the sequence manager 24 sends an 
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ENABLE signal to the operation control means 2 even if the amount 
of hydrogen generated by the reformer 9 as estimated by the 
observer 40 has not reached the decision reference amount Sa. 
In this fashion, the legged moving robot 1 is protected against 

operation failure. 

In each of the first, second, and third embodiments ; 

the electric double-layer capacitor is used as the electric 

energy storage means . However, a capacitor other than the 

electric double-layer capacitor or a secondary battery such as 

a lithium- ion battery or the like may be used as the electric 

energy storage means . 

In each of the first, second, and third embodiments/ 
the operating electric energy is supplied from the electric 
double-layer capacitor 4 to the legged moving robot 1. However, 
if electric energy consumption by the legged moving robot 1 is 
so small that the legged moving robot 1 can be operated with 
the electric energy supplied from the fuel cell 5, then the 
electric double-layer capacitor 4 and the charging circuit 3 
may be dispensed with, and the fuel cell 5 may directly supply 
the operating electric energy to the legged moving robot 1. 

In each of the first, second, and third embodiments, 
the reformer 9 uses methanol as a raw material from which to 
generate hydrogen. However, another type of reformer may be 
employed . 

A control system for charging the electric dou- 
ble-layer capacitor 4 with the electric energy output from 
the fuel cell 5 in FIG* 1 will be described below with reference 
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to FIGS • 12, 13, and 14(a) - 14(c) . Those parts of the control 
system which are identical to those shown in FIG . 1 are denoted 
by identical reference numerals, and will not be described in 
detail below. 

As shown in FIG, 12, a fuel cell unit 50 which 
includes the fuel cell 5 outputs electric energy to charge the 
electric double-layer capacitor 4 via the charging circuit 3 
(corresponding to a charging control means). The electric 
double-layer capacitor 4 outputs electric energy to operate an 
actuator 51 such as a motor or the like. A voltage sensor 52 
detects an output voltage of the electric double-layer 
capacitor 4. 

The charging circuit 3 controls the magnitude of a 
charging current supplied to the electric double-layer 
capacitor 4 so that the output voltage Vc of the electric 
double-layer capacitor 4 as detected by the voltage sensor 52 
will be equalized to a predetermined charging reference voltage 
Va of 136 V, for example. 

A DC/DC converter 53 (corresponding to a fuel cell 
starting means) reduces the output voltage Vc of the electric 
double-layer capacitor 4 to an operating voltage V E of 18 V, 
for example, for the fuel cell unit 50. In the system shown 
in FIG. 1, the reformer 9 generates hydrogen, which is a fuel 
for the fuel cell, from methanol . in the control system shown 
in FIG . 12, hydrogen is supplied from a fuel container 54 
directly to the fuel cell unit 50. 
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Operation of the control system shown in FIG. 12 will 
be described below. The legged moving robot 1 starts operating 
when a main switch 55 is closed- When the main switch 55 is 
turned on, the electric double-layer capacitor 4 supplies 
electric energy to the DC/DC converter 53 to start operating 
the fuel cell unit 50. When the output of the fuel cell unit 
50 increases to about 20 %, for example, of its maximum rate, 
a fuel cell controller 56 in the fuel cell unit 50 closes a first 
auxiliary switch 57 to operate the operation control means 2 . 
When the output of the fuel cell unit 50 increases to about 60 % , 
for example, of its maximum rate, the fuel cell controller 5 6 
closes a second auxiliary switch 58 to start supplying electric 
energy to the actuator 51. 

The operation control means 2 controls operation of 
the actuator 51 to control the legged moving robot 1 to walk 
or otherwise operate. The operation control means 2 and the 
fuel cell controller 56 are interconnected for communication 
with each other. The fuel cell controller 56 sends an operation 
status signal or the like of the fuel cell unit 50 to the 
operation control means 2 . The operation control means 2 sends 
an operation control signal or the like for the fuel cell unit 
50 to the fuel cell controller 56. 

As shown in FIG. 13, the fuel cell unit 50 comprises 
the fuel cell 5 for generating electric energy by way of a 
chemical reaction between hydrogen and oxygen in air, a 
compressor 60 controlled in operation by a control signal from 
the fuel cell controller 56 to supply air to the fuel cell 5, 
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a constant-pressure regulator 61 for maintaining a constant 
pressure at which hydrogen is supplied to the fuel cell 5, a 
first shutof f valve 62 which can be opened and closed by a control 
signal from the fuel cell controller 56, and a cooling fan 63 
controlled in operation by a control signal' from the fuel cell 
controller 56 to dissipate the heat generated by the fuel cell 
5 due to the chemical reaction . The first shutof f valve 62 may 
be replaced with a proportional control valve. 

A second shutof f valve 64 is a manual shutof f valve 
which is used for the replacement of the fuel container 54 . When 
the first shutof f valve 62 is closed, the operator manually 
closes the second shutof f valve 64 and detaches a connector 65 
for thereby easily removing the fuel container 54, which has 
been used up, from the fuel cell unit 50. 

The fuel cell controller 56 serves to control 
operation of the fuel cell unit 60 . When the fuel cell controller 
56 starts to operate with electric energy supplied from the 
electric double-layer capacitor 4 via the DC/DC converter 53, 
the fuel cell controller 56 starts the compressor 60 to supply 
air to the fuel cell 5, and opens the first shutof f valve 62 
>to, supply, .hydrogen to the fuel cell 5. The fuel cell 5 now begins 
the .chemical reaction. 

In order to start the chemical reaction in the fuel 
cell 5 to start the fuel cell 5, it is necessary to keep a constant 
level of voltage (hereinafter referred to as a "minimum starting 
voltage Vmin") supplied from the electric double-layer 
capacitor 4 to the DC/DC converter 53 such that the DC/DC 
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converter 5 3 can supply such a level of electric energy which 
can normally operate the fuel cell controller 56 , the compressor 
60, and the first shutoff valve 62. 

The fuel cell 5 stops operating when an operation 
stop signal is sent from the operation control means 2 to the 
fuel cell controller 56, as shown in FIG. 12. In response to 
the operation stop signal from the operation control means 2, 
as shown in FIG. 13, the fuel cell controller 56 stops operating 
the compressor 60 and closes the first shutoff valve 62 to stop 
operating the fuel cell 5. When the output of the fuel cell 
5 drops to a predetermined level, the fuel cell controller 56 
sends a fuel cell stop signal representing that the fuel cell 
5 is inactivated to the operation control means 2 . 

In response to the fuel cell stop signal, the 
operation control means 2 opens the main switch 55. The output 
voltage supplied from the electric double-layer capacitor 4 to 
the DC/DC converter 53 is now shut off, and the electric energy 
supplied from the DC/DC converter 5 3 to the fuel cell unit 50 
is also shut off. Therefore, the fuel cell controller 56 stops 
operating. In response to the operation stop of the fuel cell 
controller 56, the first auxiliary switch 57 and the second 
auxiliary switch 58 are opened, shutting off the supply of 
electric energy to the operation control means 2 and the actuator 
51, so that the legged moving robot 1 is inactivated in its 
entirety . 

As shown in FIG. 12, the output voltage of the 
electric double-layer capacitor 4 is basically maintained as 
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the charging reference voltage Va of 136 V by the charging 
circuit 3. When the legged moving robot 1 operates in a manner 
to consume a large amount of electric energy, as when the legged 
moving robot 1 walks at a fast pace, the current supplied from 
the electric double-layer capacitor 4 to the actuator 51 may 
be greater than the current supplied from the charging circuit 

3 to the electric double-layer capacitor 4 . 

In such a case, since the electric energy stored in 
the electric double-layer capacitor 4 is discharged to the 
actuator 51, the output voltage of the electric double-layer 
capacitor 4 drops. FIGS. 14(a) - 14(c) show the manner in which 
the output voltage of the electric double-layer capacitor 4 
changes. In FIGS. 14(a) and 14(b), between a time t 10 and a time 
t llf the electric energy consumed by the legged moving robot 1 
is of a low level I* 1 , and the output voltage Vc of the electric 
double- layer capacitor 4 is maintained as the charging 
reference voltage Va. When the consumed electric energy 
increases from the level L x to a level L 3 at the time t n , the 
electric energy stored in the electric double-layer capacitor 

4 is discharged, resulting in a drop in the output voltage Vc 
of the electric double-layer capacitor 4 . 

When the operation of the legged moving robot 1 with 
the consumed electric energy at the level t 3 is finished at a 
time t 12 , the electric double-layer capacitor 4 is 
charged again until the output voltage thereof reaches the 
charging reference voltage Va. Subsequently, since the legged 
moving robot 1 operates with electric energy consumed at a level 
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L 2 between a time t n and a time t 14 , the output voltage Vc of 
the electric double-layer capacitor 4 falls. When the legged 
moving robot 1 stops operating and the fuel cell unit 50 also 
stops operating at a time t 14 , because the charging circuit 3 
stops charging the electric double-layer capacitor 4, the 
output voltage Vc of the electric double-layer capacitor 4 
gradually falls subsequently. 

When the operator closes the main switch 55 at a time 
t ls in FIG. 14(b) in an attempt to start operating the legged 
moving robot 1, since the output voltage Vc of the electric 
double-layer capacitor 4 has been lower than the minimum 
starting voltage Vmin, the fuel cell unit 50 cannot be started. 

To avoid such a shortcoming, the operation control 
means 2 carries out a control process as shown in FIG. 14(c). 
when the legged moving robot 1 stops operating at the time t 14 , 
the operation control means 2 does not immediately send the fuel 
cell stop signal to the fuel cell controller 56, Instead, the 
operation control means 2 sends the fuel cell stop signal after 
the output voltage Vc of the electric double-layer capacitor 
4 has been increased up to the charging reference voltage va 
(corresponding to a reference voltage) by the charging circuit 
3 at a time t F . 

Even if the supply of the fuel to the fuel cell 5 
is stopped, the electric double-layer capacitor 4 can be charged 
by the output electric energy from the fuel cell 5 until any 
remaining fuel in the fuel cell 5 is fully consumed. Therefore, 
the operation control means 2 may send the fuel cell stop signal 
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shortly before the output voltage Vc of the electric dou- 
ble-layer capacitor 4 reaches the charging reference voltage 
Va. 

As described above, since the fuel cell unit 50 is 
directed to be de-energized after the output voltage Vc of the 
electric double-layer capacitor 4 has recovered the charging 
reference voltage Va, the output voltage Vc of the electric 
double-layer capacitor 4 can be equal to or higher than the 
minimum starting voltage Vmin at the time t 15 . Therefore, it 
is possible to prevent the fuel cell unit 50 from failing to 
start again due to a shortage of the output voltage Vc of the 
electric double-layer capacitor 4. 

In FIGS . 12, 13, and 14(a) - 14(c), the electric 
double-layer capacitor is used as the electric energy storage 
means. However, another type of capacitor may be used as the 
electric energy storage means . 

If a capacitor having a high natural discharging 
rate is used as the electric energy storage means, then it is 
particularly effective in offering the advantages of the 
present invention. However, the advantages of the present 
invention can also be achieved if a secondary battery such as 
a nickel-cadmium battery, a lithium-ion battery, or the like 
is used as the electric energy storage means . 

In FIGS. 12, 13, and 14(a) - 14(c), the reference 
voltage according to the present invention is set to the charging 
reference voltage Va. However, the reference voltage according 
to the present invention may be higher than the charging 
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reference voltage va insofar as the reference voltage does not 
exceed the maximum rate of the electric double-layer capacitor 
4. 

Control systems capable of replacing the fuel 
container 54 for supplying the fuel to the fuel cell unit 50 
without stopping the supply of electric energy to the legged 
moving robot 1 will be described below with reference to FIGS. 
15 through 17. FIGS. 15 through 17 show respective control 
systems for replacing the fuel container 54 without stopping 
the supply of electric energy to the legged moving robot 1 
according to the first, second, and third embodiments, 
respectively. Those parts of the system shown in FIGS. 15 
through 17 which are identical to those shown in FIGS ♦ 1, 12, 
and 13 are denoted by identical reference numerals, and will 
not be described in detail below. 

The control system capable of replacing the fuel 
container 54 without stopping the supply of electric energy to 
the legged moving robot 1 according to the first embodiment will 
be described below with reference to FIG. 15. 

As shown in FIG. 15, the charging circuit 3 
(corresponding to a charging means ) generates a first charging 
current l 4 from the output electric energy of the fuel cell unit 
50, and an auxiliary charging means 72 is detachably connected 
to an external power supply 70 to supply a second charging 
current I 2 to the electric double-layer capacitor 4. 

The external power supply 70 is connected to the 
auxiliary charging means 72 by a power supply connector 71 only 
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when the fuel container 54 is to be replaced.. For starting the 
fuel cell unit 50 when the external power supply 70 is not 
connected , the output of the electric double-layer capacitor 
4 is supplied to the DC/DG converter 53, and a lowered starting 
voltage V E produced by the DC /DC converter 53 is applied to the 
fuel cell unit 50. 

When the starting voltage V E is applied to the fuel 
cell unit 50 r as described above with reference to FIG- 13, the 
fuel cell 50 starts supplying electric energy to the charging 
circuit 3. As shown in FIG* 15, the output of the fuel cell 
unit 50 is supplied to the fuel cell unit 50 via a diode 73, 
for use as operating electric power of the fuel cell unit 5 0 
itself . . 

The charging circuit 3 generates the first charging 
current l x for charging the electric double-layer capacitor 4 
from the electric energy supplied from the fuel cell unit 50. 
The charging circuit 3 adjusts the magnitude of the first 
charging current I t to be supplied to the electric double-layer 
capacitor 4 so that the output voltage Vc of the electric 
double-layer capacitor 4 as detected by the voltage sensor 52 
wiil.be equalized to a predetermined charging reference voltage 
Va of 136 V> for example. Thus, the output voltage Vc of the 
electric double-layer capacitor 4 is maintained as the charging 
reference voltage Va. When an electric energy supply switch 
74 is closed, the operation control means 2 (see FIG. 12), the 
actuator (see FIG. 12), and sensors (not shown) of the legged 
moving robot 1 can be operated. The charging circuit 3 has a 
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current limiting function such that when the output voltage Vc 
of the electric double-layer capacitor 4 is low, the charging 
circuit 3 outputs a high voltage to the electric double-layer 
capacitor 4 to prevent an excessive charging current from being 
supplied to the electric double-layer capacitor 4. 

A procedure for replacing the fuel container 54 will 
be described below with reference to FIG. 13. For replacing 
the fuel container 54, the first shutoff valve 62 and the second 
shutof f valve 64 are closed to stop the supply of hydrogen from 
the fuel container 54 to the fuel cell 5, Thereafter, the 
connector 65 is detached to remove the fuel container 54 from 
the fuel cell unit 50. A new fuel container 54 is connected 
to the fuel cell unit 5 0 by the connector 65, and the first 
shutoff valve 62 and the second shutoff valve 64 are opened to 
resume the supply of the fuel from the fuel container 54 to the 
fuel cell 5. The first shutoff valve 62 is opened and closed 
by a control signal output from the fuel cell controller 56 
according to a command from the operation control means 2 (see 
FIG. 12). The second shutoff valve 64 is manually opened and 
closed by the operator. 

While the fuel container 54 is being replaced, the 
fuel cell 5 is deactivated as no fuel is supplied thereto. 
Therefore, as shown in FIG. 15, the supply of electric energy 
from the fuel cell unit 50 to the charging circuit 3 is stopped. 
Thus, the first charging current x x from the charging circuit 
3 is also stopped. According to the first embodiment, before 
the fuel container 54 is replaced, the operator connects the 
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external power supply 70 to the auxiliary charging means 72 via 
the power supply connector 71, and activates the external power 
supply 70. The external power supply 70 is supplied with the 
output voltage Vc of the electric double-layer capacitor 4 as 
detected by the voltage sensor 52, and supplies the second 
charging, current i 2 to the electric double-layer capacitor 4 
in order to equalize the output voltage Vc to the charging 
reference voltage Va. 

Even when the supply of the first charging current 
Ij from the charging circuit 3 is stopped, the auxiliary charging 
means 72 supplies the second charging current l 2 to charge the 
electric double-layer capacitor 4. Accordingly, the fuel 
container 54 can be replaced without stopping the supply of 
electric energy to the legged moving robot 1 . 

The control system capable of replacing the fuel 
container 54 without stopping the supply of electric energy to 
the legged moving robot 1 according to the second embodiment 
will be described below with reference to FIG, 16. 

In the first embodiment shown in FIG* 15, the control 
system has the auxiliary charging means 72 for supplying the 
second charging -current I 2 to the electric double-layer 
capacitor 4. According to the second embodiment, as shown in 
FIG. 16, the control system has an auxiliary power supply means 
80 for supplying operating electric energy to the charging 
circuit.,3. The auxiliary power supply means 80 is connected 
by a power supply connector 82 to an external power supply 81 
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which outputs a voltage similar to the output voltage, ranging 
from 20 to 36 V, for example, of the fuel cell unit 50. 

According to the second embodiment, for replacing 
the fuel container 54, the operator connects the external power 
supply 81 to the auxiliary power supply means 80 via the power 
supply connector 82, and activates the external power supply 
81. Therefore, the auxiliary power supply means 80 supplies 
operating electric energy to the charging circuit 3 . Even though 
the first shutof f valve 62 is closed to stop operating the fuel 
cell 5 and the supply of electric energy from the fuel cell unit 
5 0 to the charging circuit 3 is stopped for the replacement of 
the fuel container 54, the charging circuit 3 can continuously 
operate with electric energy supplied from the auxiliary power 
supply means 80* 

Even when the fuel container 54 is replaced, 
therefore, it is possible to supply a charging current Ic 
(corresponding to the first charging current referred to above) 
from the charging circuit 3 to the electric double-layer 
capacitor 4. As with the first embodiment shown in FIG. 15, 
the fuel container 54 can be replaced without stopping the supply 
of electric energy to the legged moving robot 1. 

In the above first and second embodiments, the 
output electric energy of the electric double-layer capacitor 
4 is supplied to the DC /DC converter 7 . Since the output voltage 
Vc of the electric double-layer capacitor 4 is maintained as 
the charging reference voltage Va during replacement of the fuel 
container 54, the DC/DC converter 7 can supply restarting 
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electric energy to the fuel cell unit 50 when the replacement 
of the fuel container 54 is ocnpleted. Therefore, it is not 
necessary to provide a dedicated auxiliary power supply or 
supply electric energy from an external souirce for restarting 
the fuel cell unit 50 when the replacement of the fuel container 
54 is completed. 

t The control system capable of replacing the fuel 

container 54 without stopping the supply of electric energy to 
the legged moving robot 1 according to the third embodiment will 
be described below with reference to FIG. 17. 

In the second embodiment shown in FIG, 16, the 
control system has the auxiliary power supply means 80 for 
supplying operating electric energy to the charging circuit 3. 
According to the third embodiment , the control system has an 
auxiliary power supply means 90 for supplying operating 
electric energy to the fuel cell unit 50 to activate the fuel 
cell unit 50- The auxiliary power supply means 90 is connected 
by a power supply connector 92 to an external power supply 91 
which outputs a voltage similar to the output voltage of the 
DC/DC converter 53 . 

^ : According td-the 
fuel container 5 4 , the ^operator connects the external power 
supply 91 to the auxiliary power supply means 90 via the power 
supply connector 92, Therefore, the auxiliary power supply 
means 90 supplies operating electric energy to the fuel cell 
unit 50, so that the fuel cell controller 56, the compressor 
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60, and the cooling fan 63 can continuously operate as shown 
in FIG, 13. 

In FIG. 13, when the first shutof f valve 62 is closed 
to stop supplying fuel to the fuel cell 5 in order to replace 
the fuel container 54, the fuel remains in the fuel cell 5* Until 
the remaining fuel in the fuel cell 5 is fully consumed, the 
fuel cell unit 50 continuously supplies electric energy to the 
charging circuit 3. When the remaining fuel in the fuel cell 
5 is fully consumed and the fuel cell 5 stops outputting electric 
energy, the electric energy supplied from the auxiliary power 
supply means 90 is supplied directly or via a transformer to 
the charging circuit 3, which can thus continuously charge the 
electric double-layer capacitor 4. 

As with the first and second embodiments, the fuel 
container 54 can be replaced without stopping the supply of 
electric energy to the legged moving robot 1. When the 
replacement of the fuel container 54 is finished, the fuel cell 
5 can be restarted by the operating electric power supplied from 
the auxiliary power supply means 90 to the fuel cell unit 50. 

Each of the control systems capable of replacing the 
fuel container 54 without stopping the supply of electric energy 
to the legged moving robot 1 according to the first, second, 
and third embodiments shown in FIGS . 15, 17, and 17 employs the 
electric double-layer capacitor 4 as the electric energy 
storage means. However, another type of capacitor may be 
employed. If a capacitor having a high natural discharging rate 
is used as the electric energy storage means, then it is 
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particularly effective in offering the advantages of the 
present invention. However, the advantages of the present 
invention can also be achieved if a secondary battery such as 
a nickel-cadmium battery, a lithium-ion battery, or the like 
is used as the electric energy storage means* 

Although certain preferred embodiments of the 
present invention have been shown and described in detail, it 
should be understood that various changes and modifications may 
be made therein without departing from the scope of the appended 
claims. 
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE 
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED J£^SES5s : 

1. A legged moving robot having an action plan 
function to operate according to a predetermined action plan, 
comprising : 

a fuel cell for supplying operating electric energy 
for the legged moving robot; 

operation control means for controlling operation 
of the legged moving robot according to the action plan; and 

electric generation managing means for monitoring 
a state of said fuel cell and contents of the action plan and 
for regulating an amount of electric energy generated by said 
fuel cell depending on the action plan. 

2. A legged moving robot according to claim 1, 
further comprising: 

raw material storage means for storing a raw 
material from which to generate a fuel for said fuel cell; and 

a reformer for generating the fuel for said fuel cell 
from the raw material supplied from said raw material storage 
means and supplying the generated fuel to said fuel cell; 

said electric generation managing means comprising 
means for directing a change in an amount of the fuel to be 
generated to said reformer depending on an amount of the fuel 
consumed by said fuel cell, analyzing the contents of the action 
plan before the action plan is executed, and, if it is recognized 
from the action plan that the legged moving robot will operate 



CA 02271498 1999-05-11 



under a large load requiring at least a predetermined level of 
electric energy from said fuel cell, carrying out an 
anticipatory process to direct said reformer to increase the 
amount of the fuel to be generated thereby before the legged 
moving robot operates under the large load. 

3. A legged moving robot according to claim 2, 
further comprising: 

a reservoir tank for storing the fuel generated by 
said reformer and supplying the fuel to said fuel cell; 

said electric generation managing means comprising 
means for carrying out said anticipatory process so that a 
pressure in said reservoir tank will not exceed a predetermined 
upper pressure limit. 

4. A legged moving robot according to claim 2, 
wherein said electric generation managing means comprising 
means for determining, depending on at least reaction delay 
characteristics of said reformer, a preparation time estimated 
after said reformer is directed to increase the amount of the 
f uel be generated thereby so that the : amount of the fuel 
supplied from. said reformer to said fuel cell will be at least 
a required amount depending on the operation of the legged moving 
robot under the large load, until a target amount of the fuel 
established depending on said required amount is actually 
generated by said reformer, and directing said operation 
control means to start operating the legged moving robot under 
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the large load upon elapse of said preparation time after said 
reformer is directed to increase the amount of the fuel to be 
generated thereby. 



5. A legged moving robot according to claim 2, 
further comprising: 

generated fuel amount grasping means for grasping 
an amount of the fuel generated by said reformer; 

said electric generation managing means comprising 
means for determining an extent to which said reformer is 
directed to increase the amount of the fuel to be generated 
thereby, depending on at least the amount of the fuel generated 
by said reformer as grasped by said generated fuel amount 
grasping means in said anticipatory process for supplying said 
required amount of the fuel. 



6. A legged moving robot according to claim 5, 
wherein said generated fuel amount grasping means comprises 
means for grasping the amount of the fuel generated by said 
reformer from the amount of electric energy generated by said 
fuel cell, .a temperature in said reformer, and a pressure at 
which the fuel is supplied from said reformer. 

7. A legged moving robot according to claim 2, 
further comprising: 

generated fuel amount grasping means for grasping 
an amount of the fuel generated by said reformer; 
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said electric generation managing means comprising 
means for directing said reformer to increase the amount of the 
fuel generated thereby so that the amount of the fuel supplied 
from said reformer to said fuel cell will be at least a required 
amount depending on the operation of the legged moving robot 
under the large load, and directing said operation control means 
to start operating the legged moving robot under the large load 
when the amount of the fuel generated by said reformer as grasped 
by said generated fuel amount grasping means reaches at least 
a target amount of the fuel established depending on said 
required amount after said reformer is directed to increase the 
amount of the fuel generated thereby in said anticipatory 
process. 

8. A legged moving robot according to claim 7, 
wherein said generated fuel amount grasping means comprises 
means for grasping the amount of the fuel generated by said 
reformer from the amount of electric energy generated by said 
fuel cell, a temperature in said reformer, and a pressure at 
which the fuel is supplied from said reformer. 

,.9. A legged moving robot according to claim 7, 
wherein said electric generation managing means comprises 
means for directing said reformer to increase the amount of the 
fuel generated thereby so that the amount of the fuel supplied 
from said reformer to said fuel cell will be at least a required 
amount depending on the operation of the legged moving robot 
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under the large load, thereafter calculating a preparation time 
estimated until said target amount of the fuel established 
depending on said required amount is actually generated by said 
reformer, and directing said operation control means to start 
operating the legged moving robot under the large load when the 
amount of the fuel generated by said reformer as grasped by said 
generated fuel amount grasping means reaches at least said 
target amount of the fuel or when said preparation time has 
elapsed after said reformer is directed to increase the amount 
of the fuel generated thereby in said anticipatory process. 

10. A legged moving robot according to claim 9, 
wherein said generated fuel amount grasping means comprises 
means for grasping the amount of the fuel generated by said 
reformer from the amount of electric energy generated by said 
fuel cell, a temperature in said reformer, and a pressure at 
which the fuel is supplied from said reformer. 

11. A legged moving robot according to claim 1, 
further comprising: 

electric energy storage means for ^charging by 
the electric energy generated by said fuel cell and for supplying 
the operating electric energy. 

12. A legged moving robot according to claim 11, 
further comprising: 
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fuel supply means for supplying a fuel to said fuel 

cell; 

fuel cell starting means for starting to activate 
said fuel cell; and 

charging means for generating a charging current 
from output electric energy from said fuel cell and charging 
said electric energy storage means with said charging current; 

said fuel cell starting means comprising means for 
starting to activate said fuel cell with output electric energy 
from said electric energy storage means; 

said operation control means comprising means for 
stopping supplying the operating electric energy from said 
electric energy storage means to the legged moving robot after 
said electric energy storage means is charged up to a reference 
voltage close to a maximum rated voltage of said electric energy 
storage means by said charging means, when said fuel cell is 
to stop operating to finish operation of the legged moving robot . 

13. A legged moving robot according to claim 12, 
wherein said electric energy storage means comprises a 
capacitor, 

14. A legged moving robot according to claim 11, 
further comprising: 

fuel supply means detachably connected to said fuel 
cell, for supplying a fuel to said fuel cell; 
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charging means for generating a first charging 
current from output electric energy from said fuel cell and 
charging said electric energy storage means with said first 
charging current; 

an external power supply for generating a second 
charging current; and 

auxiliary charging means detachably connected to 
said external power supply, for charging said electric energy 
storage means with the second charging current from said 
external power supply. 

15. A legged moving robot according to claim 11, 
further comprising: 

fuel supply means detachably connected to said fuel 
cell, for supplying a fuel to said fuel cell; 

charging means for generating a charging current 
from output electric energy from said fuel cell and charging 
said electric energy storage means with said charging current; 

an external power supply for supplying electric 

energy; and 

auxiliary power supply means detachably connected 
to said external power supply, for operating said charging means 
with the electric energy supplied from said external power 
supply to generate said charging current. 
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16. A legged moving robot according to claim 14, 
wherein said fuel cell starts being activated by output electric 
energy from said electric energy storage means. 

17. A legged moving robot according to claim 11, 
further comprising: 

fuel supply means detachably connected to said fuel 
cell; for supplying a fuel to said fuel cell; 

charging means for generating a charging current 
from output electric energy from said fuel cell and charging 
said electric energy storage means with said charging current; 

an external power supply for supplying electric 

energy; and 

auxiliary power supply means detachably connected 
to said external power supply, for activating said fuel cell 
with the electric energy supplied from said external power 
supply. 
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